Objective: To evaluate the activity of benzydamine, lidocaine, and bupivacaine, three drugs with local anesthetic activity, against Candida albicans and non-albicans strains and to clarify their mechanism of activity.
lactic and therapeutic purposes, has led to the emergence of resistant strains. 4 ,s This situation calls for the search for alternative antifungal drugs.
Many nonantibiotic drugs including antidiuretic, antidiabetic, [3-blockers, psychotherapeutic, and nonsteroidal anti-inflammatory molecules possess an antimicrobial action, which has generally been regarded as a side effect 6 and therefore neglected for potential clinical use. Benzydamine, lidocaine, and bupivacaine are known nonantibiotic antimicrobials. Topical use of these anesthetic drugs may be useful in the management of cutaneous and vaginal candidosis. We studied the activity and mechanism of action of benzydamine, lidocaine, and bupivacaine against C. albicans and non-albicans strains. (Fig. 4B) , nor did it induce a significant K leakage (Fig. 4C) . Candida glabrata strain H30 was the strain most resistant to the three drugs assayed. When it was treated with high concentrations of lidocaine, no K leakage was seen (not shown).
MATERIALS AND METHODS
Transmission electron microscopy showed that exposure of C. albicans, ATCC strain 10231, to cidal concentrations of the anesthetics induced severe alterations of the cytoplasmic organelles (Fig. 5) .
Exposure of blastoconidia of C. albicans, ATCC strain 10231, to Lyticase--under the described conditions--resulted in detergent-sensitive spheroplasts, which often had loose cell wall remnants (Fig. 6A) . Only occasionally completely wall-free protoplasts were found. Spheroplasts not exposed to the drugs were intact and showed numerous ribosomes and normal intracellular organelles, i.e., the nucleus and the mitochondria (Fig. 6, A and B) and intact cell membranes with a continuous triplelayered profile (Fig. 7A) (Fig. 7 , B and C). Ultrastructural images of plasma membrane splitting were seen in some drug-exposed yeast cells (Fig. 7C ).
DISCUSSION
Local anesthetic drugs possess antibacterial and antifungal properties. The following results point to the mechanism of the fungicidal action of the drugs being due to direct damage to the yeast cytoplasmic membrane. Thus, Candida cells exposed to fungicidal concentrations of the drugs quickly become permeable to the membrane-impermeable fluorochrome PI.
This probe has previously been used to evaluate membrane permeability in yeasts and is considered a good marker for cell death associated with membrane alterations, e,e4 Quantitation of K leakage from microorganisms, both from bacteria 9,es and yeasts, l,e6-e9 has also been used to evaluate membrane damage by various compounds. Yeast cells in the exponential growth phase are known to accumulate K intracellularly, with concentrations as high as 220 mM. s This cation is quickly lost to the extracellular milieu when the selective membrane permeability is lost. ,e6-e9 A very quick and extensive K leakage was induced by fungicidal concentrations of the local anesthetics, with more than 90% of the intracellular cation being lost during the initial 10 minutes after exposure to 0.3, 50, or 30 mg/mL of benzydamine, lidocaine, or bupivacaine, respectively. This indicates that the fungicidal effect results from a direct damage to the cell membrane, rather than from a metabolic impairment leading to secondary membrane damages. In support of this interpretation is our observation that exposure of the Candida cells to fungicidal concentrations of the metabolic inhibitor sodium azide induced K leakage at a much slower rate as compared to the three local anesthetics. As expected, the membrane-active antimicrobial agent amphotericin B also induced an extensive and rapid K leakage. The extensive loss of intracellular K may not bc the sole factor responsible for the fungicidal activity of the drugs, as the membrane disorganization resulted in multiple perturbations that eventually could be lethal.
Additional support for a direct membrane damaging action of fungicidal concentrations of the anesthetics was evident from the quick lysis of sphe- Spheroplast from the same sample as in Fig. 6A . Section treated with 5% hydrogen peroxide for 10 minutes followed by lead staining. Spheroplasts from the same preparation as in Fig. 6A Spheroplasts from the same preparation as in Fig. 6A The proposed mechanism for the fungicidal activity of the drugs is in conformity with the lipophilic properties of membrane-active molecules due to their lipophilic character. It is therefore expected that the antifungal activity of bupivacaine was higher than that of lidocaine because the former anesthetic is more lipophilic. The same difference in the activity between the two local anesthetics was also found in a previous study on the inhibition of germ tube formation by C. albicans. 19'22 A good correlation between the lipophilic and antibacterial activity of local anesthetics has also been described. 9, 18 These observations agree with the accepted interpretation that anestheticmembrane interaction is of a hydrophobic character, whereby the anesthetic molecule ultimately penetrates the membrane bilayer and accommodates in its hydrophobic interior. 1,3z Membrane splitting resulting from insertion of several lipophilic molecules, including the local anesthetic tetracaine, into the hydrophobic core of bacterial membranes was described. 3 This ultrastructural alteration was seen in the present study in lidocaine-treated Candida plasma membranes (Fig.  7C) .
The results showing that the three local an,esthetics assayed possess an antifungal activity but exposed to 20 mg/mL of bupivacaine. Notice 4 butenafine, "5 and phenothiazines. "6,37 The observed good correlation coefficients between the MIC (indicator of fungistatic activity) and LCso (indicating a fungicidal activity) of each of the drugs for the 12 Candida strains tested would suggest that the mechanisms for the fungistatic and fungicidal activities of the drugs are similar, the plasma membrane being a common target. However, when exposing yeast cells to the fungistatic concentrations of the three drugs, no indication of membrane damage was found, since there was no permeability to PI nor production of K leakage. This may be explained by the short incubation time (10 minutes) used in the incubations prior to the above two membrane integrity tests.
The present results show that the three drugs now studied could be used topically to treat mucosal or cutaneous candidosis because concentrations with antifungal activity can be obtained with the commercial formulations available, mainly with benzydamine, the most active of the three drugs we tested. In fact, benzydamine is available in gels with 3% and 5% of the drug, "8 and these concen- 
